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Abstract 
“Process intensification” as a part of necessary sustainable development and “green” revolution uses also high 
pressure as a processing tool. The main impetus for this is on one way driven by environmental concerns to reduce 
the usage of conventional solvents and energy. On the other hand high pressure is a tool to design and produce the 
products with completely new and specified properties. Extraction of substances from plant materials and their “in 
situ” formulation in products with specific properties is at the moment one of the very promising applications of 
supercritical fluids. Other advanced processes are polymer processing in/with supercritical fluids, use of sub-and 
supercritical fluids as sustainable reaction media, etc. The presentation will give also a limited overview of processes 
and applications of sub-and supercritical fluids as green processing media. For these processes recent advances and 
trends of developments will be presented. There are several processes using sub- and supercritical fluids which are 
already developed to the commercial scale, like dry cleaning, high pressure sterilization, jet cutting, thin-film 
deposition for microelectronics, separations of value-added products from fermentation broths in biotechnology fields 
and as the solvent in a broad range of synthesis. All of these applications lead to sustainable manufacturing methods 
that are not only ecologically preferable but also give the products with very special properties. One of the most 
important advantages of the use of supercritical fluids is selective extraction of components or fractionation of total 
extracts. This is possible by the use of different gases for isolation/fractionation of components and/or by changing 
process parameters. Phase equilibria of sunflower and soybean oils in propane and sulphur hexafluoride (SF6) have 
been investigated. For both systems, the transition of the two-phase system to one-phase system was observed 
visually at 25°C and 40°C and at different system compositions generally in the range of 0.2–0.7 weight fraction of 
propane. High-pressure vapor−liquid-phase equilibria (P−T−x−y) for the soybean oil−SF6 and sunflower oil−SF6 
systems were investigated at temperatures of (25°C and 40°C) in the pressure range from (1 to 50) MPa. The phase 
behavior of two vegetable oils in sulfur hexafluoride (SF6) was studied using an isothermal−analytical method in 
combination with a visual-synthetic method using a variable-volume cell. Moreover, the phase inversions for the 
vegetable oil−SF6 systems were also recorded at both temperatures under investigation.  
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1. Introduction 
Vegetable oils are valuable natural products, consisting mainly of triglycerides, with a low fraction of 
triglycerides, free fatty acids and a number of minor components (sterols, tocopherols, phospholipids, 
etc.) which are important as pharmaceuticals and food additives [1]. 
 
   
Fig. 1. (a) sunflower; (b) soy; (c) vegetable oil 
Soybean oil is a vegetable oil extracted from the seeds of the soybean (Glycine max). It is one of the 
most widely consumed cooking oils. As a drying oil, processed soybean oil is also used as a base for 
printing inks (soy ink) and oil paints. It is also converted to cooking oils. Liquid soybean oil is low in 
saturated fat, contains no trans fat, and is high in poly- and monounsaturated fats. It's also the principal 
source of omega-3 fatty acids and a source of vitamin E as well. 
Sunflower oil is the non-volatile oil expressed from sunflower (Helianthus annuus) seeds. Sunflower 
oil is commonly used in food as a frying oil, and in cosmetic formulations as an emollient. Sunflower oil 
was first industrially produced in 1835 in the Russian Empire.  
The conventional production of oils and fats is commonly carried out by pressing and followed by 
organic solvent extraction, usually with n-hexane [2]. Nowadays, there is a growing interest in alternative 
processes that can minimize the environmental impact, decrease toxic residues, make better use of the 
sub-products and also produce better quality and healthier foods. High pressure, as a relatively new tool, 
resulted in several processes that produced completely new products with special characteristics [3]. 
There are a great variety of potential applications of supercritical fluids in the industrial processing of 
fatty oils and derivates. 
It has been found that solubility highly depends on composition, especially on content of free fatty 
acids (FFA) and mono- and triglycerides, which are more soluble in CO2 than triglycerides [4–6]. Further, 
the phase equilibrium data of sunflower and soybean oils in SF6 have been measured at temperatures of 
25◦C and 40◦C and in the pressure range between 10 bar and 500 bar. Phase equilibrium data for the 
system sunflower oil–propane at various temperatures from 40°C to 80°C  were already reported in the 
literature. Processing of natural products with supercritical fluid technology has been an extensive area of 
research during the past two decades. Supercritical fluid extraction for the application in vegetable oil 
Open access under CC BY-NC-ND license.
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industry has been extensively investigated as alternative to conventional rafination, separation and 
fractionation processes. For the development of supercritical fluid extraction processes, the knowledge of 
the phase equilibria is of fundamental importance. Propane and carbon dioxide were extensively studied 
in previous works as high pressure liquid solvents for lipids and oils. The supercritical carbon dioxide 
offers many other favorable features due to the fact that it is clean, inexpensive, non-flammable and non-
toxic solvent. On the other hand, it has a low solvent power for vegetable oils, consecutively the system 
vegetable oil+CO2 is heterogenous over a wide range of conditions, both in the sub- and supercritical 
range. Although, propane is considered as a green solvent, it is flammable and this is its main drawback in 
comparison with CO2. However, propane is completely miscible with vegetable oils at room temperature, 
but it forms two phase liquid-liquid system with vegetable oils such as sunflower oil and triglycerides like 
tripalmitin and tristearin at temperatures between lower critical and point (LCEP) end upper critical end 
point (UCEP)–around 340 K and 370 K. The solvent power of propane for triglycerides in this 
temperature range is drastically reduced, unless, higher pressures can be used to recover the single phase 
region [7]. 
 
Non extractive application of SCFs 
 
Design of new products with special characteristics or design of new processes, which are 
environmentally friendly and have an impact to sustainable processes are a great challenge for chemical 
engineers. 
Industrial high pressure processes operate at the pressure ranges from about 50 bar (in particle 
formation processes) up to over 200 kbar (conversion of graphite to diamonds). 
High pressure as a relatively new tool gave in several processes a completely new products with 
special characteristics. Several new processes are environmental friendly, of low costs and sustainable. 
Supercritical fluids are already commercially applied in a variety of fields – from pharmacy, food 
sciences to the textile industry. As research continues to investigate the capabilities of CO2, new 
applications of the technology are developing daily. 
The motivation to use high pressure in a large range of high pressure technologies and processes is 
based on chemical physico-chemical, physico(bio)-chemical, physico-hydrodinamical and physico-
hydraulic effects. Applying supercritical fluids for particle formation may overcome the drawbacks of 
conventional particle size reduction processes. Powders and composites with special characteristics can 
be produced. Several processes for formation and design of solid particles using dense gases are studied 
intensively. The unique thermo-dynamic and fluid-dynamic properties of SCFs [8] can be used also for 
impregnation of solid particles, for formation of solid powderous emulsions, particle coating, e.g. for 
formation of solids with unique properties for the use in different applications. 
Supercritical fluids are a unique class of non-aqueous media as a solvent for biocatalysis. The 
combination of supercritical carbon dioxide with non-volatile ionic liquids showed to have high potential 
for the design of environmentally benign processes, benefiting from the advantages of neoteric properties 
of both solvents.  
Conventional textile dyeing and cleaning processes are both environmentally unfriendly and 
economically costly. Using supercritical fluids technology for dyeing textile materials is an economically 
feasible process. It is a water free process with lower operational costs than conventional dyeing 
processes. The technology is applicable to both synthetic and natural textiles. It is green, fast and cheap. 
Drying with carbon dioxide enables the product to be efficiently dried at temperatures close to 
ambient. The flow of the carbon dioxide carries the water released from the products and the resultant 
humidified gas is dried in a zeolite reactor and is subsequently recycled back into the drying chamber. 
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Upon reaching a low and constant humidity, the system is slowly depressurized, to ensure that product 
integrity is maintained. Short cycle times and the small floor area required allow for efficient processing. 
Many products from biological sources are potentially contaminated with material of biological or 
biochemical nature or with chemical process residues. Contaminations may comprise bacteria, viruses, 
spores toxins, etc. Removing these hazards is very important in the food sector. The cold temperature 
sterilization technology is interesting for heat and hydrolysis sensitive materials. Low temperature 
sterilization may be also incorporated into other processes such as extraction, impregnation, and drying. 
Wood function modification has been one of the most active research subjects in the field of wood 
science. The supercritical fluids technology as one of the new technologies which is applied on the wood 
received great attention of wood scientists in recent years.  
Composites are modified by supercritical fluids which have low viscosity, a high diffusion coefficient 
and good thermal properties [9]. 
In comparison, supercritical CO2 rapidly penetrates crevices and boundary layers. Traditional 
photoresist wet-stripping techniques involving sulfuric acid /hydrogen peroxide mixtures or organic 
solvents produce a larger liquid waste stream than other steps in the process. Alternative green processes 
that meet the stringent requirements for contamination control are limited and not always compatible with 
metallization systems. Photoresist stripping and residue removal,will likely be the first microelectronics 
supercritical fluid application integrated into IC processing lines. Additionally, whereas CO2 snow and 
pellet cleaning rely primarily on physical mechanisms for particle removal, supercritical CO2 wafer 
cleaning and resist stripping also capitalize on chemical solvency mechanisms for removal of residues, 
often via incorporation of a cosolvent with SCF CO2 . 
Using high pressure processes in presence of supercritical fluids it is possible to generate powders with 
properties that are difficult or even impossible to achieve in conventional ways. Here is a quick overview 
of these processes: 
Rapid expansion of supercritical solutions (RESS) 
The aim of the process is in solvating the product in the fluid and a rapid depressurizing of the solution 
through a nozzle, which causes an extremely rapid nucleation of the product into a highly dispersed 
material.  
Crystallization from supercritical solutions (CSS) 
A special process of RESS where the fine particles are formed from the substances which are soluble in 
supercritical solvents. 
Gas (or Supercritical fluid) Anti-Solvent (GAS or SAS) 
The aim of this process is in decreasing the solvent power of a polar liquid solvent in which the substrate 
is dissolved, by saturating it with carbon dioxide at supercritical conditions, causing the substrate 
precipitation or recrystallization. According to that facts, several implementations are available: 
x GAS or SAS recrystallization 
This process is mostly used for recrystallization of solid dissolved in a solvent with the aim of obtaining 
either small particles or large crystals, depending on the growth rate, which is controlled by the anti-
solvent pressure variation rate. 
x Aerosol Solvent Extraction System (ASES) 
Solution of a substrate is pulverized in a solution of organic solvent, the vessel is swept by a supercritical 
solvent. An implementation which consists of co-pulverizing the substrate(s) solution and a stream of 
supercritical carbon dioxide through appropriate nozzles is named “Solution Enhanced Dispersion by 
Supercritical Fluids” (SEDS).  
Particles from Gas-Saturated Solutions / Suspensions (PGSS) 
Particles are formed from substances that are not soluble in supercritical fluid, but absorb large amount of 
gas that either swell the substance or decrease the melting point. The compressible medium is solubilized 
in the substance or solution or suspension which has to be micronized [3]. 
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2. Materials and method 
2.1. Material 
Sunflower oil and soybean oil were purchased from local supplier. SF6 and propane  were obtained 
from Linde plin (Celje, Slovenia).  
2.2. Apparatus 
High pressure view cell - Phase equilibria observation 
 
The phase behaviour of sunflower oil-propane and soybean oil-propane systems has been studied using 
high-pressure variable volume cell, supplied by NWA GMBh, Lorrach, Germany, (Figure 2). The cell is 
made of the stainless steel (AISI 316) with tunable internal volume between 30 and 60 cm3 by means of a 
piston operated by a hydraulic pressurization system, and was designed to operate up to 750 bar and 
200°C.  
The same apparatus was used for determining the high pressure equilibrium data of vegetable oil-SF6 
systems.  
 
TI
TIC
PI
CO2
 
 
Fig. 2. High pressure view cell: (a) flow sheet and (b) photo of the apparatus (60 mL, max. operating pressure 700 bar and max. 
operating temperature 250°C. 
Influence of pressure, temperature and stirring rate on:  
x distribution of liquid and gaseous phases – possible phase inversions, 
x qualitative evaluation of viscosity of mixtures, 
x separation of phases after intensive stirring, 
was observed.  
3. Results 
3.1. Bubble points of sunflower oil-propane and soybean oil-propane system 
Bubble points of sunflower oil-propane and soybean oil-propane system were determined at 25°C and 
40°C for different system compositions. The cell was loaded with known amount of selected vegetable oil 
and afterwards the propane from a gas cylinder was cooled to a liquid state and compressed into the cell 
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by a high-pressure pump up to the desired pressure. The binary mixture was heated and mixed with a 
lade-turbine stirrer until the operating temperature was reached. Bubble points were measured at constant 
temperature by decreasing the volume of the cell and consecutively the system pressure was increased. 
Phase transition of the two phase system to one-phase system was visually observed when small bubble 
disappeared. After measurement, the pressure was decreased via increasing the volume. Finally, the 
volume of propane was measured by volumetric method. In this way, phase equilibria was determined 
without sampling and procedure was repeated. Each data point was measured at least two times and 
relative standard deviations were calculated, as well. The experimental results show that phase transition 
pressures for sunflower oil-propane system increases with increasing the temperature at similar system 
composition. The course of bubble point lines at 25°C and 40°C for soybean oil-propane system was 
similar as for sunflower oil-propane system. When comparing both vegetable oil-propane systems, small 
differences can be observed in the position of bubble point pressures. The obtained results can be 
explained based on the differences in the composition of both vegetable oils. 
3.2. Solubility measurements of sunflower oil and soybean oil in SF6 
Phase equilibrium data of sunflower oil and soybean oil in system with SF6 at 25°C and 40°C in the 
pressure range between 10 bar and 500 bar are determined. In the case of system sunflower oil–SF6, the 
lower phase is rich with sunflower oil and the upper phase is rich with SF6 in the area of lower pressures 
approximately up to 20 bar at temperature of 22°C (Figure 3) and approximately up to 30 bar at 
temperature of 38°C (Figure 4). At these pressures and temperatures, the transition of two-phase system 
to tree phase system was observed. This is a consequence of phase transition of SF6 from vapor to liquid 
phase which occurs at pressures 22 bar and 31.8 bar at temperatures 22°C and 38°C, respectively [8]. At 
higher pressures, as stated above for both investigated temperatures, the two-phase system was observed 
again and was composed of lower-SF6 rich phase and upper-oil rich phase. Similar behavior was noted for 
soybean oil–SF6 system. The tree phase system was observed approximately at pressure of  22 bar and 
temperature of 23°C (Figure 5) while at around 40°C the pressure was 34 bar (Figure 6). 
 
 
P=19 bar T=24°C P=20 bar T=22°C P=22 bar T=23°C 
Fig. 3. Phase equilibria for the system sunflower oil–sulphur hexafluoride at 25°C: coexisting phases at different pressures. 
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P=29 bar T=38°C P=30 bar T=38°C P=32 bar T=39°C 
Fig. 4. Phase equilibria for the system: sunflower oil–sulphur hexafluoride at 40°C: coexisting phases at different pressures. 
 
P=17 bar T=25°C P=22 bar T=23°C P=26 bar T=26°C 
Fig. 5. Phase equilibria for the system soybean oil–sulphur hexafluoride at 25°C: coexisting phases at different pressures. 
 
P=33 bar T=41°C P=34 bar T=43°C P=36 bar T=44°C 
Fig. 6. Phase equilibria for system: soybean oil–sulphur hexafluoride at 40°C: coexisting phases at different pressures. 
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4. Conclusions 
Knowledge of high-pressure equilibrium behaviour of vegetable oil–SCF systems is essential for many 
chemical processes and separation operations that are conducted using fluids at higher pressures. In 
present research phase equilibrium behavior of sunflower and soybean oil in systems with SF6 have been 
investigated at two different temperatures. In the case of vegetable oils-SF6 systems, tree phase region 
was observed approximately at pressures of 20 bar at temperatures around 25°C and 30 bar at 
temperatures around 40°C. Above these pressures the two-phase system consists of lower-SF6 rich phase 
and upper-oil rich phase. 
The solubility of SF6 in vegetable oils was up to 0.2957 mole fraction in the case of sunflower oil at 
459.5 bar and 25°C and up to 0.2210 mole fraction in the case of soybean oil at 464.1 bar and 25°C. 
Further, the composition of gas phase does not change significantly with pressure and temperature. The 
solubility of oil in SF6 at conditions investigated is around 0.12 mole fraction. 
The obtained results show that the solubility of SF6 in sunflower oil is somewhat higher as in soybean 
oil at 25°C. On the other hand, the course of phase equilibria isotherms at 40°C is similar for both 
systems. The composition of gas phases at temperatures of 25°C and 40°C are similar for both vegetable 
oils. For vegetable oil-SF6 system three phase equilibria was observed. Moreover, phase inversion for 
above mentioned systems at both investigated temperature at higher pressures was detected, as well. 
The experimental results show that phase transition pressures for sunflower oil-propane system 
increases with increasing the temperature at similar system composition. The course of bubble point lines 
at 25°C and 40°C for soybean oil-propane system was similar as for sunflower oil-propane system. When 
comparing both vegetable oil-propane systems, small differences can be observed in the position of 
bubble point pressures. The obtained results can be explained based on the differences in the composition 
of both vegetable oils. 
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